Aged garlic extract (AGE) is widely used as a dietary supplement on account of its protective effects against
fructose-amino acids in AGE, and is an Amadori rearrangement product arising from the condensation reaction between free glucose and arginine during early stages of the Maillard reaction, which is responsible for color formation in foods and, to a large extent, antioxidant properties of AGE [14] [15] [16] . Studies indicated the anti-tumor effects of certain species of fructose-amino acids are due mainly to their ability to inhibit cancer cell proliferation and adhesion 17, 18 . Meanwhile, FruArg was shown to exhibit antioxidant activity and hydrogen peroxide scavenging capacity that is comparable to the potent hydrogen peroxide scavenging compound ascorbic acid 14, 19 . Our previous study demonstrated that AGE and FruArg could suppress NO production in a concentration-dependent manner without affecting the cell viability in lipopolysaccharide (LPS)-induced mouse BV-2 microglial cells, suggesting AGE and FruArg have beneficial effects in mitigating neuroinflammation 20 .
In the present study, RNA-Seq analysis was conducted to assess global gene expression affected by AGE and FruArg in LPS-induced BV-2 microglial cells. Our results show that AGE is capable of repressing levels of pro-inflammatory mRNAs in LPS-treated cells and that FruArg is an active functional component in AGE that accounts for the protective effects. Additionally, we have also annotated the canonical pathways and functional networks that may be responsible for the protective effects of these botanical compounds. The present study addresses the regulatory function of AGE and FruArg on LPS-stimulated cells with respect to global gene expression by providing quantitative information about the population of mRNA species. The data broaden our understanding of the effect of AGE and FruArg to the level of gene expression regulation and suggested their therapeutic potential for mitigating inflammatory abnormalities in the aging individuals.
Results

LPS induced transcriptome alteration in BV-2 microglial cells.
Endotoxin LPS is one of the most potent stimuli for microglial cells. It is capable of activating multiple intracellular signaling pathways leading to cytokines secretion. The global gene expression profile alterations that were created by LPS stimulus was represented by the differentially expressed genes (DEGs) between BV-2 microglial cells treated with 100 ng/mL LPS and control cells. DEG analysis identified 2563 genes whose expression levels were altered significantly by LPS treatment ( Fig. 1 and Supplementary Table S1). A total of 1172 genes were down-regulated and 1391 genes were up-regulated in response to the LPS. A number of genes associated with inflammation were significantly up-regulated, such as Cd14, Il1a, Il1b, Nfkb1, Nfkb2, Tlr1, Tlr2, Tlr3, Tlr6, and Tnf, which served as mRNA markers of LPS treatment in these cells. Their up-regulation proved the reliability of the LPS model used in the experiments 21, 22 . To evaluate which canonical signaling pathways and signaling networks could be activated upon LPS treatment, we performed a gene set enrichment analysis by Ingenuity Pathway Analysis (IPA). The most significant canonical pathways for the genes altered by LPS include death receptor signaling, toll-like receptor signaling, IL-10 signaling, TNFR2 signaling, role of pattern recognition receptors in recognition of bacteria and viruses, role of PKR in interferon induction and antiviral response, IL-6 signaling, role of macrophages, fibroblasts and endothelial cells in rheumatoid arthritis, TREM1 signaling, and activation of IRF by cytosolic pattern recognition receptors ( Fig. 2A ) (see Supplementary Table S4) . Additionally, the disease and function networks were further analyzed. The top-ranked network is related to cell cycle, cellular development, and cellular growth and proliferation, with 34 focus genes, including Serp1, Ifrd1, and Nupr1 (Fig. 2B) . Among these focus genes, 21 genes were up-regulated and 13 genes were down-regulated. antagonized LPS-induced changes in the levels of 458 mRNAs (see Supplementary Figure S1 ). The expression levels of 215 LPS-stimulated mRNAs were reduced by AGE co-treatment relative to the levels in cells treated with LPS alone. Conversely, the expression levels of 92 LPS-repressed mRNAs were elevated by AGE co-treatment relative to the levels in cells treated with LPS alone (Fig. 3A ,B, and Supplementary Figure S3A and Supplementary  Table S2 ). A total of 307 genes accounted for 67% of the mRNAs whose expression was affected by AGE were also affected by LPS, in an opposing manner. Because FruArg has been reported to be a bioactive component of AGE 12, 13 , we tested its effect on LPS-altered gene expression in BV-2 cells, hypothesizing that some mRNAs would be altered by treatment with this compound in similar gene expression patterns treated by AGE. RNA-Seq analysis showed that the LPS-induced transcriptome alterations were antagonized by FruArg treatment. When compared to LPS alone, the co-treatment with FruArg altered 175 DEGs (see Supplementary Figure S2 ). The LPS-induced expression pattern of 96 mRNAs was reversed by FruArg co-treatment. Of these 96, the expression level of 77 LPS-stimulated mRNAs was reduced by FruArg co-treatment; the expression level of 19 LPS-repressed mRNAs was stimulated by FruArg co-treatment. In total, co-treatment with FruArg antagonized the alterations of 55% of the LPS-altered mRNA. Additionally, the expression levels of 80 out of the 96 mRNAs whose expression was altered by co-treatment with FruArg (83%) were also altered in the same way by co-treatment with AGE (Fig. 3A,B , and Supplementary Figure  S3B and Supplementary Table S3) .
AGE represses LPS-induced transcriptome alteration and
To further establish the relationship between AGE, FruArg and LPS, we also performed Principal Component Analysis (PCA) on the normalized expression values of these 80 genes. The results demonstrated the consistency of these effects ( Fig. 3C and Table 1 ). Along the first component, which accounts for 81% of variance, LPS-treated samples were clearly separated from the untreated controls. AGE co-treatments and FruArg co-treatments, although not clearly separated, were isolated from LPS treatments, supporting the idea that FruArg and AGE have similar activity on the expression of microglial mRNAs.
AGE and FruArg repressed LPS-altered canonical signaling pathways.
To further understand the biological functions of AGE's effects in LPS-stimulated BV-2 microglial cells, we mapped the mRNA identities to known signaling pathways and regulatory networks that were potentially affected by AGE treatment using IPA (Figs 4 and 5, and S4 and Supplementary Tables S5 and S6 ). The top 10 canonical pathways affected by the LPS stimulation and correlated genes, including Il1a, Il1b, Cd14, Casp3, Casp7, Nfkb1, Nfkb2, Tnf, Traf1, Traf2, Hmox1, Il6, and Tank, were repressed by AGE treatment (Fig. 4A ) (see Supplementary Table S5 ). The most significant changes of canonical pathways modulated by AGE were TNFR2 signaling. Additionally, the disease/function networks that associated with AGE downregulated Casp1, Tlr3, Serp1, Irf1, Irf5, and Irf7 genes were involved in the antimicrobial response, inflammatory response, and infectious diseases (Fig. 4B ). This gene interaction network was designated by IPA with the highest number of focus molecules (n = 27).
We also analyzed the canonical pathways related to disease/function networks to determine the regulation of FruArg on LPS-induced BV-2 cells. Similar to AGE, the top 10 canonical pathways and related genes, including Casp3, Casp7, Nfkb1, Nfkb2, Tnf, Traf2, Il1a, Il1b, Il6, Cd14, Il36g, Map2k3, Map2k6, and Hmox1, affected by the LPS stimulation were all repressed by FruArg treatment (Fig. 5A, Supplementary Table S6 ). The most significant change of canonical pathways modulated by AGE was TNFR2 signaling.
Subsequently, we compared the canonical pathways regulated by both AGE and FruArg (see Supplementary Figure S4 ). AGE and FruArg share major canonical pathways such as role of pattern recognition receptor in recognition of bacteria and viruses, interferon signaling, dendritic cell maturation, activation of IRF by cystolic pattern recognition receptors, p53 signaling, and retinoic acid mediated apoptosis signaling, endothelin-1 signaling, death receptor signaling, role of NFAT in regulation of the immune response, Nrf2-mediated oxidative stress response, and acute phase response signaling. The data indicated FruArg and AGE targeted common pathways that were modulated by LPS. Moreover, the top network is associated with cellular movement, cell death and survival, and cell morphology by regulating genes, such as Casp1, Cd81, Cdk5, Gapdh, Nupr1, and Serp1 (Fig. 5B) . This gene interaction network was designated with the highest number of focus molecules (n = 16). Hence, the canonical pathways and cellular networks suggested that FruArg exhibits potent anti-inflammatory ability to reverse LPS-induced alterations.
Discussion
Microglia serve as resident immune cells in the central nervous system (CNS). Chronic neuroinflammatory responses mediated by activated microglial cells in the central nervous system have critical roles in the pathogenesis of numerous neurodegenerative diseases, including Alzheimer's disease and Parkinson's disease [23] [24] [25] [26] . Various inflammatory mediators and cytotoxic molecules, such as IL-1α , IL-6, TNF-α , ROS, and NO, released by chronic activated microglial cells in response to infection, injury, or endotoxins (e.g. LPS) may trigger neuronal damage and even cell death [27] [28] [29] [30] . NO serves as a lipid-soluble free signaling molecule that transports freely across cell membranes [31] [32] [33] . Nitrosative stress can be induced by excessive production of NO and other reactive nitrogen species (RNS), which contributes to the pathogenesis of traumatic brain injury, Parkinson's disease, and Alzheimer's disease [34] [35] [36] [37] [38] [39] . LPS stimulation can significantly increase NO concentration in microglia. Antioxidants such as AGE and FruArg could alleviate microglial activation and suppress the nitrosative stress by reducing NO production, and thus have a potential to counteract the undesirable effects of chronic activation of microglial cells. In the present study, we showed the altered expression of LPS responsive genes, including Traf1, Nos2, Saa3, Lcn2, Il6, Irg1, Il1b, and Cxcl3. The up-regulation of these genes confirmed the activation of BV-2 microglial cells by LPS. Especially, NOS2 and its gene product, inducible NOS (iNOS), is involved in neuroinflammation by generating NO and plays key roles in the pathogenesis of certain neurodegenerative disorders [40] [41] [42] . Traf1 (tumor necrosis factor receptor-associated factor 1) gene is also reported to regulate the inflammatory response 43, 44 . In addition, Il6 gene is related to not only proinflammatory, but also neurodevelopment functions 45, 46 . A total of 2563 genes were shown to respond to LPS stimulation. These genes are associated with death receptor signaling, toll-like receptor signaling, IL-10 signaling, TNFR2 signaling, role of pattern recognition receptors in recognition of bacteria and viruses canonical pathways ( Fig. 2A) . Top networks modulated by LPS exposure are related to cell cycle, cellular development, cellular growth and proliferation, protein synthesis, and cellular function and maintenance (Fig. 2B) . Overall, our gene expression profiling in LPS-treated BV-2 microglial cells provided a useful set of pathway markers.
Both AGE and its bioactive component FruArg demonstrated a potential in neuronal protection against cellular oxidative stress and inflammatory responses by directly scavenging superoxide free radicals [4] [5] [6] 18, 20 . The neuroprotective effects of AGE and FruArg were realized through anti-oxidant/anti-inflammatory activities and targeting certain intracellular proteins and molecular pathways, according to data obtained by quantitative proteomic approach in our previous study 20 . We have demonstrated the significant suppression of NO production by either AGE or FruArg treatment and the multi-modal regulation of protein expression in LPS-induced BV-2 microglial cells. It also suggested that AGE and FruArg are similar to a number of botanicals by modulating the toll-like receptor and nuclear translocation of transcription factors for gene regulation [47] [48] [49] [50] [51] . Here in this study, we analyzed the gene expression profiles of both AGE and FruArg treatment to further investigate their effects on LPS-induced BV-2 microglial cells. 67% of AGE altered genes and 55% of FruArg altered genes showed reversed activity compared to LPS stimulation. It is clear that the major activity of AGE and FruArg is to repress LPS's activity in gene expression. Furthermore, the shared modulation of genes by co-treatment of LPS between AGE and FruArg show that FruArg serves as a functional compound in AGE, in consistence with our previous proteomic study 20 , that accounts for its protective effects. We conclude that FruArg contributed to the anti-inflammatory effect of AGE by affecting mRNA levels associated with stress and inflammation.
FruArg is an Amadori product from AGE generated by the amino-carbonyl (Maillard) reaction, which is a nonenzymatic browning reaction of amino acids with sugars 16 . At the protein level, it was shown by both our proteomic analysis and other reports that the Maillard reaction products may decrease pro-oxidant activity in cells by affecting enzymatic activity of peroxiredoxin-1, mitochondrial superoxide dismutase 2, and glutamate-cysteine ligase in LPS-induced BV-2 cells 14, 20 . At gene expression levels, FruArg also exhibited ability to suppress the production of certain inflammatory mediators by inhibiting the gene expression of Il1a, Il1b, Nfkb1, Nfkb2, Traf1, Traf2, Casp1, Cd14, Il6, and Pi3kr5. Additionally, by reducing the levels of NOS2 gene, FruArg could inhibit the excessive production of NO induced by LPS. The data demonstrate that FruArg can modulate and reverse stimulation of microglia by LPS at gene level. The ability to repress the pro-inflammatory response and oxidative stress both at protein and gene levels suggests that FruArg may have a medicinal value. On the other hand, from the perspective of canonical pathway analysis, both our previous proteomic and current RNA-Seq study show that FruArg can alter the Nrf2-mediated oxidative stress response pathway, which plays a major role for antioxidant protection 20, [52] [53] [54] . Genes as Gsta3, Gstm5, Gstp1, Hmox1, and Mgst2 related to Nrf2 mediated oxidative stress pathway were all up-regulated. The expression of these genes may enhance the subsequent activities of glutathione S-transferase and heme oxygenase 1 to catalyze the conjugation of reduced form of glutathione with excess oxidants, to detoxify and to catabolize free heme and produce carbon monoxide. Therefore, the neuroprotection mechanism of FruArg may involve both suppression of pro-inflammatory and promotion of antioxidant genes.
In conclusion, our results suggest that AGE and FruArg are capable of alleviating oxidative and neuroinflammatory responses stimulated by LPS in BV-2 cells by modulating gene expression. Inhibition of the expression of multiple immune-and inflammation-related genes suggested that AGE and FruArg could be drug candidates for the prevention of inflammation-mediated neurodegenerative diseases.
Materials and Methods
Cell culture and stimulation. The immortalized mouse microglial cells (BV-2) were originally obtained from Dr. R. Donato (University of Perugia, Italy) and were gifted from co-author Dr. Grace Y. Sun 55, 56 . The cells, as previously described, were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 5% (v/v) heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals, Inc., Lawrenceville, GA, USA), 25U/mL penicillin, and 25mg/mL streptomycin (Gibco, Grand Island, NY, USA) in a saturated humidity atmosphere containing 95% (v/v) air and 5% (v/v) CO 2 at 37 °C 57, 58 . Cells were cultured in DMEM without serum for 4 hours at 70-80% confluence and exposed to 100ng/mL LPS (rough strains from Escherichia coli F583 Rd mutant, Sigma-Aldrich, St. Louis, MO, USA) for 20 hours with or without aqueous AGE (0.5%, v/v) (Wakunaga of America, Mission Viejo, CA, USA) and FruArg (3 mM), which were added 1 hour prior to LPS exposure, respectively. FruArg was chemically synthesized and the purity and stability were measured as previously described 20 .
Total RNA extraction and RNA-Seq. Total RNA was extracted using TRIzol (Life Technologies) according to the manufacture's protocol. Briefly, 0.2 mL of chloroform was added to the homogenized sample and then the tubes were shaken for 15 seconds and incubated for 2-3 minutes at room temperature. Next, the mixture was centrifuged at 12,000 × g for 10 minutes at 4 °C, and the aqueous phase of the sample was extracted and placed into new tubes. Then, 0.5 mL of 100% isopropanol was added to the aqueous phase and incubated at room temperature for 10 minutes. The lysis mixture was centrifuged 12,000 × g for 10 minutes at 4 °C. The supernatant from the tube was removed and washed with 1 mL of 75% ethanol. The RNA pellet was vortexed briefly, centrifuged at 7,500 × g for 5 minutes at 4 °C, and dried at room temperature for 5-10 minutes. Finally, the RNA pellet was resuspended in RNase-free water or 0.5% SDS solution and incubated in a water bath or heat block set at 55-60 °C for 10-15 minutes. Total RNA concentration was determined using a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). RNA quality was verified on an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA) to confirm that RIN scores were above 7 prior to sequencing. RNA sequencing was performed upon libraries constructed using the Illumina TrueSeq library preparation system that employs a poly-A tail selection. RNA libraries were sequenced as 100nt single-end fragments using Illumina Hi-Seq 2000 system (Illumina, Inc., San Diego, CA, USA). Adaptor sequences were clipped off first. Subsequently, sequencing reads were trimmed and filtered based on quality scores by using fastx_toolbox (http://hannonlab.cshl.edu/fastx_toolkit/) that removed low-scoring sections of each read and preserved the longest remaining sequencing reads.
Differential gene expression analysis. The trimmed and filtered reads were mapped to mouse genome (Mus_musculus.GRCm38) from Ensemble using Tophat2 59 . Mapped reads were quantified as raw counts by the Subreads package function "featureCounts". Differentially expressed genes were analyzed using R/Bioconductor package DESeq2. For a gene to be a Differentially Expressed Genes (DEGs), it has to alter at least 2 fold with False Discovery Rate adjusted p-value (p-adj) less than 0.05 (Log2FC ≥ 1 or Log2FC ≤ − 1, FDR < 0.05). For data visualization, the normalized gene expression value in the format of Count per Million reads (cpm) was log 2 -transformed and plotted by R package gplots 60 .
Principal component analysis (PCA).
Raw gene counts were normalized to library sizes of each sample and further log 2 transformed. PCA analysis was performed using R build-in package "prcomp". The first three components, which accounted for 98% of the variance in dataset were plotted using R package "rgl".
Functional annotation and canonical pathway analysis. The data were analyzed using QIAGEN's Ingenuity ® Pathway Analysis (IPA ® , QIAGEN Redwood City, www.qiagen.com/ingenuity) for associated gene functions and pathways, as well as to predict gene interaction networks. The significance values for the canonical pathways and networks are calculated by right-tailed Fisher's exact test. The cutoff p-value is 0.05. Taller bars equate to increased significance.
